Introduction: Despite accelerated measles control efforts, a massive measles resurgence occurred in the Democratic Republic of the Congo
Introduction
Measles is a highly-infectious and potentially fatal viral disease characterized by fever and rash. In 2012, measles caused an estimated 122,000 vaccine-preventable deaths worldwide [1] . Estimated measles vaccine effectiveness (VE) is 84% when administered at 9-11 months of age, and 93% when given at ≥12 months of age [2] . Because >93%-95% population immunity is necessary to prevent measles epidemics, the World Health Organization (WHO) recommends all children receive two doses of measles vaccine [2, 3] . In 2008, countries in the WHO African Region (AFR) adopted a measles pre-elimination goal to be achieved by the end of 2012 with the following targets: 1) >98% reduction in estimated regional measles mortality compared with 2000; 2) national measles incidence of <5 cases per 1,000,000 population per year; 3) >90% national coverage with the first dose of measles-containing vaccine (MCV1) and >80% MCV1 coverage in all districts; and 4) >95% coverage in all districts for MCV supplementary immunization activities (SIAs). Also included were surveillance performance targets of: 1) ≥2 cases of non-measles febrile rash illness per 100,000 population; 2) ≥1 suspected measles case investigated with blood specimens in ≥80% of districts [4] .
In the Democratic Republic of the Congo (DRC), MCV1 given at 9 months of age was introduced into the Expanded Programme on Immunization in 1977 [5] . The Reaching Every District (RED) approach to strengthening RI services was implemented beginning in 2003 [6] . To provide a second opportunity for measles vaccination, nationwide measles SIAs started in 2002, using a phased approach intended to cover the country every 3 years [7] . Integrated Disease Surveillance and Response (IDSR) was established in 2000 with aggregate reporting of 18 infectious diseases, including measles. Case-based surveillance with laboratory confirmation of suspected measles cases was established in 2003.
In 2011, AFR countries adopted a goal for measles elimination by 2020 [8] . However, starting in 2010 and continuing through 2014, DRC experienced the largest nationwide measles outbreak in AFR since the start of accelerated measles control efforts [9] [10] [11] [12] . DRC is a key country for regional elimination efforts because of its large population, central location with nine international borders, and persistent reservoir of circulating measles viruses [9, 13] . We conducted a descriptive epidemiological analysis using immunization and surveillance data to understand the likely causes of the measles resurgence and develop recommendations for elimination efforts.
Methods

Study setting
In 2012, DRC had an estimated population of 78.1 million persons, 3.1 million live births, and 14.7 million children aged <5 years [14] . The DRC health system has 513 zones de santé (health districts) in 11 provinces. Challenges for vaccination include a large target population, poorly accessible areas, complex logistics, a lack of government funding, weak health systems, civil unrest, and displaced persons [15] [16] [17] . The number of displaced persons peaked in 2013, with 2.9 million internally displaced persons (IDPs) in the eastern and northern provinces of DRC and 438,869 Congolese in other African countries [18] [19] [20] [21] . The last population census was conducted in 1981 making estimation of the vaccination target population challenging.
Measles immunization, 2002-2012
To assess measles vaccination coverage in comparison with AFR indicator targets, we calculated MCV1 administrative coverage for 2004-2012 at the national, provincial, and district levels by dividing the reported number of MCV1 doses administered by the number of targeted children aged <12 months, according to the DRC Ministry of Public Health (MOPH), multiplied by 100 (national target: >90%; district target: >80%). The number of districts reporting >80% MCV1 coverage was divided by the number of districts expected to report and multiplied by 100 (target: 100%) [ 
Measles surveillance, 2004-2012
Through IDSR, aggregate numbers of suspected measles cases and deaths were reported weekly from districts to the national level [28] . Through measles case-based surveillance, suspected measles cases were investigated using a case investigation form and laboratory testing of a blood specimen at the National Institute for Biomedical Research in Kinshasa [29] . Specimens were tested using standard enzyme-linked immunosorbent assays for measles-specific immunoglobulin M (IgM) antibodies; specimens with a negative or indeterminate result were tested for rubella-specific IgM (Enzygnost ELISA TM , Siemens Healthcare Diagnostics Products, Marburg, Germany). A suspected measles case was defined as an illness with maculopapular rash and fever and one or more symptoms of cough, coryza, or conjunctivitis, or where a clinician suspects measles. A laboratory-confirmed measles case was defined as a suspected measles case with a positive laboratory test result for measlesspecific IgM in the absence of measles vaccination within 30 days of specimen collection. An epidemiologically-linked case was defined as a suspected measles case having contact (or living in the same district) with a laboratory-confirmed measles case whose rash onset was within the preceding 30 days. A clinically-compatible case was defined as a suspected measles case without a laboratory test result or established epidemiological link. We classified all laboratoryconfirmed, epidemiologically-linked, and clinically-compatible measles cases as confirmed measles cases.
We analyzed de-duplicated IDSR and measles case-based surveillance data from 2004-2012. To assess case-based surveillance performance in comparison with AFR targets, we calculated two indicators as follows:1) the number of districts annually reporting ≥1 suspected measles case with a collected blood specimen divided by the number of districts expected to report (target: ≥80%); and 2) the number of suspected measles cases reported annually and "discarded" as non-measles because of a negative test result divided by the estimated population from DRC MOPH, multiplied by 100,000 (target: ≥2.0). Estimated annual measles incidence was calculated by dividing the number of suspected cases reported through IDSR by the estimated annual population from DRC MOPH, multiplied by 1,000,000 (target: <5) [22] .
Epidemiological description of the measles resurgence
We conducted an epidemiological analysis of the resurgence period, defined as starting in the first month with a confirmed measles outbreak in 2010 and continuing through the end of 2012, using IDSR and case-based surveillance data from July 1, 2010-December 31, 2012. A confirmed measles outbreak was defined as ≥3 laboratory-confirmed cases occurring in a district in one month. We analyzed suspected measles cases and deaths reported through IDSR by date of rash onset, province, and district. Confirmed measles cases reported through case-based surveillance were analyzed by date of rash onset, age, vaccination status, province, and district. Cumulative measles attack rates were calculated by dividing the number of suspected cases reported through IDSR during the resurgence period, or a 6-month subset of the resurgence period, by the estimated 2012 population from DRC MOPH and multiplying by 100,000. Cumulative measles attack rates and confirmed measles outbreaks by district for 6-month periods were mapped. Analyses were conducted using Excel (Microsoft Corporation), SAS version 9.3 (SAS Institute), and ArcGIS (ESRI).
To identify circulating measles virus strains, nasopharyngeal swabs were collected and tested at the National Institute for Communicable Diseases in South Africa. Ribonucleic acid (RNA) was extracted using the QIAamp ® viral RNA mini kit (QIAGEN 
Results
Measles immunization, 2002-2012
National MCV1 administrative coverage among children aged <12 months increased from 64% to 89%, and WHO-UNICEF estimates of MCV1 coverage increased from 57% to 73% during 2004-2012. National MCV1 coverage among children aged 12-23 months estimated from surveys was 63% in 2007, 67% in 2010, and 75% in 2012. MCV1 coverage survey estimates were lower than reported administrative coverage for comparable years. In all years, MCV1 administrative coverage varied substantially by province and was below the target of >90% at the national level and >80% in all districts ( Table 1) .
A phased catch-up SIA targeting children aged 6 months-14 years was implemented during 2002-2006 (median reported administrative coverage by province: 96%; range: 73%-102%), and a phased follow-up SIA targeting children aged 6-59 months was completed during 2006-2010 (median reported administrative coverage: 99%; range: 92%-113%). A 4-year gap between these SIAs occurred in three provinces (Nord Kivu, Kasaï Oriental, and Bandundu). In 2009, another phased follow-up SIA was initiated in Nord Kivu (reported administrative coverage: 112%); however, the phase planned for 2010 was not implemented, leading to a 4-5 year gap between SIAs in five provinces (Kasaï Oriental, Kasaï Occidental, Katanga, Maniema, and Sud Kivu) and a missed cohort of children born in 2006 in Kasaï Oriental ( Figure 1 and Table 2 ). After the start of the 2010 outbreaks, the entire country was covered by a combination of subnational measles follow-up SIAs and ORIs targeting children aged 6-59 months or 6 months-14 years during 2011-2012 (median reported administrative coverage: 101%; range: 93%-112%) ( Figure 1 and Table 3 ).
During 2002-2012, ≤95% administrative coverage was reported from ≥1 measles SIA in eight of 11 provinces ( Figure 1) . Availability of SIA coverage estimates from surveys during this period was limited. Coverage survey estimates for SIAs implemented in 2006, 2007 and 2011 were >95% in Kinshasa, Bandundu, Nord Kivu, and Maniema, and 94% in Kasaï Occidental, Katanga, and Maniema ( Table 2, Table 3 ). Coverage survey estimates for ORIs implemented during 2010-2012 were >95% in Equateur, 92%-95% in Kasaï Occidental and two ORIs in Maniema, and 68% in Katanga ( Table 3) . In general, SIA and ORI coverage survey estimates were lower than reported administrative coverage ( Table 2, Table 3 ).
Measles surveillance, 2004-2012
Measles case-based surveillance did not meet both annual performance indicator targets during 2004-2012. The number of suspected measles cases reported through case-based surveillance (16,789) was 3.6% of the total reported to IDSR (459,326); the number of suspected measles deaths reported through case-based surveillance (52) was 0.6% of the total reported to IDSR (8,400). Suspected measles incidence reported through IDSR did not meet the target of <5 per 1,000,000 population during 2004-2012. During 2006-2009, incidence decreased 96%, from 1,164 to 47 per 1,000,000. During 2010-2011, incidence increased from 73 to 1,769 per 1,000,000, and was 935 per 1,000,000 in 2012 ( Table 4) .
Epidemiological description of the measles resurgence
During July 1, 2010-December 31, 2012, 211,236 suspected measles cases were reported through IDSR and 8,142 were reported through case-based surveillance. Of those reported through case-based surveillance, 4,252 (52%) were confirmed as measles (2,465 by laboratory testing and 1,787 by epidemiological link) and 866 (11%) were laboratory-confirmed as rubella ( Figure 2 and Table 4 ). Of the 4,250 confirmed measles cases with age information, 2,839 (67%) were among children aged <5 years, and 879 (21%) were among children aged 5-9 years; 1,036 (24%) were among unvaccinated persons, and 2,168 (51%) were among persons with missing or unknown vaccination status ( Table 5 ).
The first confirmed measles outbreaks of 2010 were reported in three geographic foci: 1) Lemera district bordering Burundi in Sud Kivu province in July 2010; 2) Sakania district bordering Zambia in Katanga province in August 2010; and 3) Dilolo district bordering Angola in Katanga province in September 2010. During JulyDecember 2010, Sud Kivu and Katanga reported elevated cumulative measles attack rates and had 14 districts with confirmed outbreaks. In 2011, the epidemic peaked with confirmed measles outbreaks reported from 108 districts in all 11 provinces and the highest cumulative attack rates reported in Sud Kivu, Katanga, Maniema, and Kasaï Oriental provinces. In 2012, a second epidemic peak occurred with confirmed outbreaks reported from 126 districts in all 11 provinces and the highest cumulative attack rates reported from Province Orientale and Equateur ( Measles virus genotype results were available from 47 confirmed measles cases in 13 (6%) of 218 districts that had a confirmed outbreak and 8 (73%) of 11 provinces. Three genetic groups of measles virus strains were detected each, associated with one of the three initial outbreak foci and thereafter clustered geographically. Of 47 measles viruses, 13 (28%) were from a group of B3.1 genotypic strains (B3-RwaAng) related to measles virus previously detected in Rwanda and Angola; these strains were first detected in a Sud Kivu district bordering Burundi and localized to northeastern DRC during the outbreak. Another 20 (43%) were from a group of B3.1 genotypic strains (B3-ZamZimSA) related or identical to measles viruses detected during 2009-2011 in Zambia, Zimbabwe and South Africa [31, 32]; these strains were first detected in a Katanga district bordering Zambia and localized to southern and central DRC. Finally, 13 (28%) were from a group of B2 genotypic strains (B2-AngNamDRC) related to those previously detected in Angola, Namibia, and DRC [13] ; these strains were first detected in a Katanga district bordering Angola and localized to southern DRC (Figure 3 B, and Figure 4) . One district in BasCongo province reported both B3-ZamZimSA and B2-AngNamDRC strains in the third-quarter of 2011 (Figure 3 B) .
During the resurgence period, the national cumulative attack rate based on IDSR reporting was 270 cases per 100,000 population. The provinces with high cumulative attack rates (>100 cases per 100,000 population) were Katanga, Maniema, Kasaï Oriental, Province Orientale, Equateur, and Sud Kivu. Among these six provinces, estimated MCV1 coverage in the 2010 survey ranged from 46% to 66% (median: 54%), and four provinces had planned SIAs in 2010 that were not implemented. By contrast, estimated MCV1 coverage in the 2010 survey among the five provinces without high cumulative attack rates ranged from 49% to 91% (median 80%), and one province had a planned SIA in 2010 that was not implemented (Table 1 and Figure 1 ).
Discussion
Following accelerated measles control efforts and dramatic decrease in measles incidence, a massive measles resurgence occurred in DRC. The results of this study suggest the resurgence was likely caused by an accumulation of measles-susceptible children not vaccinated due to low RI coverage and suboptimal SIA implementation. Furthermore, detailed epidemiological analyses necessary for guiding timely outbreak response were limited by under-performing case-based surveillance. Despite implementation of the RED strategy and increasing MCV1 coverage in DRC during 2004-2012, coverage remained far below WHO-recommended targets for monitoring progress toward measles elimination [9, 33] . Results from coverage surveys indicated challenges with the reliability of administrative coverage and highlighted the need to conduct surveys to monitor coverage. In countries where only a single routine dose of measles vaccine is provided, achieving high coverage through both RI and SIAs is necessary to reduce measles incidence [22] . [11, 17] . Additionally, some SIAs and ORIs were delayed because of the amount of time it took to secure and disburse funds, and to complete the extensive planning and logistics needed to reach poorly-accessible areas.
Although measles case-based surveillance with laboratory testing has been functional in DRC since 2003, performance indicators were unmet during 2004-2012, and challenges occurred with missing data (e.g. vaccination status). Surveillance guidelines specify that all suspected measles cases should be reported through measles casebased surveillance; however, the number of suspected measles cases reported through case-based surveillance was <4% of IDSRreported cases [28] . This disparity was partly caused by the underutilization of measles case-based guidelines for the use of "line-lists" and the "epidemiologically-linked" case classification during confirmed outbreaks. These guidelines ensure that key epidemiological data, including age, vaccination status, and date of rash onset are collected for all cases, without requiring blood specimen collection and testing of all outbreak cases that might overburden the laboratory [29] . Case-based measles surveillance is a cornerstone of the measles elimination strategy; rapid case detection and laboratory confirmation is essential for rapid response, including effectively defining the target geographical area and age-group for SIAs and ORIs [37] .
During 2009-2010, the African region experienced a measles resurgence with 28 of 46 AFR countries reporting laboratoryconfirmed measles outbreaks, including large outbreaks in Burkina Faso, DRC, Ethiopia, Malawi, Nigeria, South Africa, Zambia, and Zimbabwe [9, 31, 32, 38, 39]. The regional resurgence was generally characterized by outbreaks with cases occurring among older children and young adults as a result of long-standing gaps in vaccination, combined with reduced risk of measles virus exposure due to decreased incidence since 2000 [9] . By contrast, 87% of measles cases during the resurgence in DRC occurred among children <10 years old, indicating persistent low population immunity among young children and on-going measles virus transmission. Virologic surveillance detected concurrent transmission of three separate measles virus strains in DRC; these strains were previously identified in neighboring countries, including a B3 strain detected in outbreaks throughout southern Africa during [2009] [2010] [2011] [32].
During July 1, 2010-December 30, 2012, high measles attack rates occurred in provinces (Katanga, Maniema, Kasaï Oriental, Province Orientale, Equateur, and Sud Kivu) that had estimated MCV1 coverage in the 2010 survey lower than the national estimate (67%) and did not implement planned 2010 SIAs. Kasaï Occidental province had a relatively low attack rate (68 cases per 100,000 population) during 2010-2012 despite having 49% estimated MCV1 coverage in the 2010 survey and not implementing a planned 2010 SIA. The lower reported attack rate in Kasaï Occidental might have reflected underreporting from poor surveillance quality or a relative delay in the progression of the outbreak due to the northwest geographic spread of the outbreak over time from the initial foci in the south and east; in 2013, the measles attack rate in Kasaï Occidental increased to >100 cases per 100,000 population (DRC MOPH and WHO-DRC unpublished data). An additional factor that may have impacted relative attack rates among provinces during the measles outbreak was the increase in number of IDPs and refugees, as well as affected areas, during 2010-2013 [18-21]. There was some overlap between the provinces with high measles attack rates and those with large numbers of displaced persons; however, a detailed analysis of the temporal and geographical relationship of these events was not performed.
The study analyses had limitations. First, reported administrative coverage was likely overestimated due to unreliable denominators, as indicated by coverage >100% and lower coverage estimates by survey. Second, analysis of campaign quality was limited in part by the small number of coverage surveys conducted and lack of detailed post-campaign reports available. Not all available coverage surveys were performed using probability-based sampling methods, so representativeness of the estimates could not be determined. Third, under-reporting through case-based surveillance and the number of districts that were silent for IDSR reporting suggest measles incidence was likely underestimated. Fourth, because suspected measles cases reported through IDSR were not confirmed, some illnesses attributable to other causes of febrile rash, including rubella, were likely misclassified in IDSR as suspected measles.
Conclusion
To achieve measles elimination in DRC, we recommended specific efforts to improve case-based surveillance and increase two-dose measles vaccination coverage. Realistic plans need to be developed to fully implement case-based surveillance, including adequate costing and resource mobilization for blood collection supplies, testing, and specimen transport. Periodic refresher trainings should be provided to ensure the implementation of measles case-based surveillance according to WHO guidelines [22, 29] . Additionally, WHO-recommended measles case-based surveillance performance indicators should be calculated monthly in a surveillance bulletin provided to all districts and used as a tool for supervision, management, and surveillance strengthening [29] . Measures to strengthen RI services are needed, including increased supportive supervision, human resources, and training, as well as improved micro-planning, vaccine management, and logistics. Because of suboptimal MCV1 coverage, periodic high-quality, nationwide SIAs should be implemented, ideally without phases and covering the entire country during a 4-7 day period; however, if a limitation in resources necessitates a phased approach, then the number of phases and the time needed to cover the entire country should be minimized [40] . SIA frequency and target age groups should be based on epidemiological analyses, and adequate resources made available to ensure optimal implementation [41] . According to WHO guidelines, SIA planning should start at least 6-8 months in advance, with close supervision and monitoring during implementation, and a post-campaign coverage survey [40] . To ensure timely outbreak response, a national measles outbreak preparedness plan is needed [37] .
During September 2013-August 2014, with funding and support from Gavi the Vaccine Alliance, WHO, UNICEF, and the Measles & Rubella Initiative, the DRC MOPH conducted a phased nationwide measles SIA targeting children aged 6 months-9 years, incorporating SIA best practices identified during a workshop in Kinshasa in April 2013, and post-campaign coverage surveys were completed in four provinces. The country will need to conduct the next follow-up SIA in 2016 and should begin the planning process in early 2015. To achieve measles elimination in AFR by 2020, additional commitments and resources will be needed to implement strategies for increasing two-dose vaccination coverage and improving surveillance in DRC.
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